Differential thermal scanning of the new lipid-like bilayer material (CH2)io(NH3)2CdCl4 showed two structural phase transitions, with onset temperatures at T2 = (359 ± 2) K and 7, = (415± 1) K. Permittiv ity measurements were performed between room temperature and 450 K at 60-100 kHz. A step-like rise in permittivity at T2, associated with an order-disorder transition, is attributed to chain melting. Two anomalies at (413 ± 1) K and (430 ± 3) K, showing thermal hysteresis of -8 and 10 K, respectively, in dicate first order transitions which are associated with crystalline phase change.
Introduction
For the past years we have been interested in the m ag netic and electric properties of low dimensional systems [1 -5 ] . O f particular interest are systems having long chains of alkyl-or alkylene-groups, as they provide good model for biologically significant lipid m em branes [6] [7] [8] [9] [10] . Phospholipid bi-layers were found to undergo two transitions, a pre-melting transition at 35 °C and a m ain transition at ~ 41 °C. The nature of the pre-m elting transitions is not well understood and has been attributed to slight reorientations of the chains [6] [7] [8] [9] [10] [11] . The m ain transition was nam ed "chain melting transition" [8] . Chain melting is defined as rapid diffu sion of one or m ore gauche bonds up and down the hy drocarbon chain. Since lipid layers are inherently liquid systems, it is difficult to study them by solid state tech niques. The alkylene-chain complexes provide the basis for systems that com bine bi-layer characteristics within a crystalline lattice. The long chain alkylene-diammonium com plexes; (CH2)"(NH3)2M X4 for n > 5 (M is a di valent transition metal ion and X a halide ion) are known to undergo several structural phase changes, some of which are found near ambient temperature [12, 13] . These phase transitions have been studied by different techniques [12] [13] [14] [15] [16] , In such systems the transition metal ion is in a distorted octahedra of halogen ions. These oc tahedra share comers forming well-characterized two-dimensional perovskite-like sheets. The [(CH2)"(NH3)2]+ groups separate these metal halide layers, and for large values of n, a quasi-two dimensional system is obtained.
Phase changes in the materials are a result of an inter play between the planar system of comer-sharing metalhalide octahedra and the motion of the alkylene chains [(CH2) J located between the octahedral planes. For chains with n > 4, structural rearrangement, due to con formational changes of the chain play an important role [12] [13] [14] , Structure determination of (CH2)"(NH3)2M X 4, B = M n, Cd, ... showed that these materials have essen tially the same structural features [12] . The compound with n = 2 shows no structural phase transitions up to the decomposition temperature. The compounds with n > 2 and M = Cd, Mn, Fe or Cu [13] [14] [15] [16] show first and second order phase transformation, as listed in Table 1 .
It is to be noted that the room temperature phase of odd carbon num ber compounds is orthorhombic, whereas that of even carbon number compounds is monoclinic [12] [13] [14] [15] . This even-odd structure dependence seems to affect the static dielectric constant, where ef drops on heating through the transition for materials containing even num ber C-atoms [13] . Permanent dipoles exist for odd carbon number but does not exist in even carbon number compounds. This is because of the center of in version in the middle of the chain.
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2. E x p erim en tal
Samples
The com pound was prepared by mixing equimolar ra tios of decanediammonium dichloride, (CH2)io(NH3)2Cl2 and CdCl2. 2H 20 in acidified alcoholic solution. The mixture was kept at 80 C for two hours, then cooled grad ually to room temperature. A cream colored material pre cipitates out. The material was recrystallized from a m ix ture of alcohol and ether, and then dried under vacuum. The chem ical analysis was carried out at the microanaly sis unit at the University of Cairo. It showed that the com pound has the correct chemical formula. The analysis re sults are listed in Table 2 .
Infrared Spectroscopy
The IR spectra between 4000 cm-1 and 100 cm-1 were obtained on an FTIR 5000 spectrometer.
Thermal Analysis
Differential thermal analysis measurements were per formed on a Shimadzu (50)-differential scanning analyzer (DSC) with a scanning speed of 5 °C/min. The data were calibrated with the melting transition of Indium at 157 °C.
Dielectric Measurements
The complex dielectric permittivity £* in the frequency range 5.0 H z-100.0 kHz was measured using a computer controlled lock-In amplifier type PAR 5207. The temper ature was measured using a copper constantan thermocou ple. The samples are in the form of pellets of 8 mm in di ameter and 1.0 mm thick. The surfaces were coated with silver paste to ensure good electrical contact. The measur ing technique and precautions to avoid stray capacitance are discussed in [17] ,
Results an d Discussion

Infrared
The IR absorption spectrum of ClOCd obtained in the range 200-4000 cm-1 is shown in Fig. 1 . Table 3 lists ob served absorption peaks and their assignment. The most characteristics bands in the infrared are those associated with the CH 2 rocking motions, which are usually strong, and the much weaker CH 2 waggings, which are not al ways observable. The bands at 610-730 cm-1 are assigned to the CH2 rocking fundamental mode <5r(CH2). The CH2 wagging modes are found at 1150-1400 cm-1 for the crys- Wavenumber (cm' ) talline «-paraffins. These modes are mixed with the (NH3)+ modes. The coupling with (NH3)+ may be the rea son for the strong enhancement of the intensity of the CH 2 wagging modes compared to the corresponding ones in the case of n-alkanes. The bands at 1400-1500 cm-1 be long probably to the (NH3) symmetric deformation mode.
The strong bands at 1620 cm-1 are assigned to < 5as(NH3).
The bands in the range 400-200 cm" 1 are typical for M -C l vibrations [18] . The data of Table 2 are in good agreement with previously published ones on similar compounds [15, 18] . They confirm the presence of the M -C l layer and, together with the chemical analysis, con firm the formation of the desired materials.
Differential Scanning Calorimetry (DSC)
The DSC thermograph of the ClOCd powdered sample obtained during heating is shown in Figure 2 . Two endo- thermic peaks with onset temperatures of T] = (415 ± 3 ) K and T2 = (359 ± 2) K are observed. Both transitions posses high enthalpies, corresponding to entropies of AS! = 7 and AS2 = 14.5 J/mole-deg, respectively. The high temperature endothermic peak is very broad and has a long temperature tail. It is possible that is comprises two peaks. Although the scan was carried out at the lowest possible rate available, it was not possible to get a better resolution of this peak. The transition temperatures, en thalpies, and entropies obtained from the DSC results are listed in Table 4 .
Permittivity
The temperature dependence of the real part e' of the complex dielectric permittivity between 60 Hz and 100 kHz in the temperature range 350-450 K obtained while heating and cooling is shown in Figs. 3a and 3b, respec tively. Figure 3a shows a gradual rise of (£/) with increas ing temperature, which is frequency dependent up to T{ = 413 K, where a sudden sharp drop in the permittivity is observed. Further increase in temperature shows another drop in permittivity, however lesser in magnitude and sharpness at T{ ~ 430 K. A closer look at the data near the transition temperature T2 = 360 K, shows a step like in crease in the permittivity of magnitude ~ 8 units. This is depicted in the insert (c) for frequencies 600 Hz and 2.0 kHz. Lower frequencies show large scattering in this tem perature range, and the anomaly is not seen for frequen cies higher than 6.0 kHz. This step like rise in the permit tivity is ascribed to rotational-type transitions [3, 20] . Fig  ure 3b shows a similar behavior to that obtained for the heating run, however it reflects thermal hysteresis. This is seen as abrupt changes at (420 ± 2) K and (405 ± 1) K. The step-like change noted at T2 during the heating run is shift ed by ~ 4 K to the lower temperature side and can only be seen at the lowest frequencies. The shift in temperature confirms the first order nature of the transition. Usually a large enthalpy is found to be associated with order-disorder transitions. Hence it is possible to relate the step like anomaly at T2 to an order-disorder transition associated with rotational motions which is found to be accompanied by a large entropy change (AS = 14.5 J/mole-deg). This is very likely related to a chain melting transition. This in volves cooperative conformational changes of the alkylene chains. Here one deals with order-disorder transitions among the three relative orientations alternate N -C or C -C bonds can take on: the trans-(t), the gauche plus (g) and the gauche minus (g-) configurations, which all differ by -120° from each other, forming a special sequence of trans-gauche configurations: gtg-, gtttg-. These groups are dynamically disordered, camping the "trans"-"gauche" transitions in the high temperature phase. By proton NM R data this is found to be connected with the melting of the -C H 2 groups [20] . Hence, the conformational transitions and reorientation resulting from this chain melting is as sociated with the order-disorder transition at 7 -3 6 0 K. Recent DSC measurements in our laboratory of ((CH2) 12(NH3)2)CuCl4 have shown a chain melting tran sition in the temperature range 330 -3 6 0 K with a similar permittivity behavior to that obtained here [21] . The large sharp drop at Tx = 4 1 3 K, followed by another drop at T{ = 430 K, is very likely associated with a drastic rear rangement of the domain structure, which is expected to cause changes in the unit cell dimensions. This is support ed by the first order nature of the phase transition as is ev idenced from our hysteresis results seen in the insert of Fig. 3b . This shows the heating and cooling results ob tained at frequency of 1.0 kHz. There is a significant ther mal hysteresis at both transition temperatures with AT = 8 K and 10 K for the T] and T[ respectively. It is likely that two structural phase changes are associated with the reor ientation of the dipoles. At this point it is worth mention ing that the entropy value obtained for this transitions (AS ~ 7 J/mole-K) supports the occurrence of a structural phase transition. Since there are four consecutive -C -N atoms involved in a torsion angle in the diammonium chain (CH2) 10(NH3)2, there are eight independent pos sibilities to form trans-or gauche configurations. There are two limiting values for AS: the first is AS = R, due to a free rotation around two axes, the second is AS = R ln2 = 0.69 R due to orientation of the R -C -C -R group among two equivalent sites. Our DSC results (T = 413 K) showed AS = 7.3 J/mole-deg,which lies between these two limit ing values. Hence we can safely assume that the chains are completely disordered in the high temperature phase.
Relaxation
The conductivity relaxation model, in which the dielec tric modulus is defined as M* (oo) = 1/e* (oo), may be used to get information about the relaxation mechanism in case there is no well-defined dielectric loss peak [22] , M* -In (oo) plots at different temperatures are shown in Figs. 4a, b for heating and cooling runs, respectively. As the fre quency increases, M' (oo) increases to a maximum asymp totic value defined as M The spectra of M" (oo) show an asymmetric peak approximately centered in the dispersion region of M' (oo). These plots show features of ionic con duction, namely the S shaped dispersion in M' and a peak in M" The relaxation peaks are found to shift towards higher frequencies as temperature increases. The frequen cy coc at which the maximum of M" (M" ax) occurs, defines the conductivity relaxation time t (. as given by coc Tc = 1. The variation of the maxima were fitted to (1) .
where Wr is the activation energy for the relaxation pro cess and t 0 is the high temperature limit of the relaxation time. Plots of In (t) vs. 1000/7, as shown in Figs. 4c, d , yield r0 = 8.6 x 10~19 s and 7.9 x 10-17 s, and AWr = 1.16 eV and 0.99 eV for heating and cooling runs, respectively.
Conductivity
3.5.i. F r e q u e n c y d e p e n d e n c e
The dielectric response of low conductivity materials is usually characterized by the well-known universal dy namic response [23] (7(0)) = (7dc + B(T) cos{T),
where <jdc is the dc (or low frequency) conductivity. The universal exponent s and the pre-exponential factor B(T) are both functions of the temperature and the type of con duction mechanism. Figures 5a, b show the frequency dependence of the ac conductivity at different temperatures as In (<7(co)) vs. In (co) for heating and cooling runs, respectively. Extrapol ation of the plateau value of the conductivity gives <7dc at various temperatures. The plot of the values obtained for ddc (7) using the Arrhenius type relation, a (T) = <r0 exp ( -A E/kT) shows four different temperature regions which correspond to the phase (I), (II), (III), and (IV) as shown in Figure 6a . Values of the activation energies as well as the pre-exponential factor ((T0) are listed in Table  5 for phases the (I), (II) and (III). No results were obtain able for the region of phase (IV) due to the increased scat tering at low frequencies, owing to the high resistance of the material. The activation energies differ slightly for the different phases, with the high temperature phase (I) hav ing the lower AE values.
Fitting the frequency dependent conductivity after sub tracting the dc conductivity yields values of s and ln (B) shown as function of temperature in Figs. 5c, d for heat ing and cooling, respectively. Values of 0 < s < 1 dominate at low frequencies and are found to correspond to a trans lational hopping motion, whereas values of 1 < s < 2 dom inate at high frequencies and corresponds to well localized hopping and/or reorientational motion [3, 24] , The expo nent s decreases linearly with temperature in phases (I) and (III), varying between 1.5 -0 .8 for phase (El), and 0 .5 6 -0 .3 for phase (I) . Scattering values of s are obtained in the temperature region 7 j -7j' and near the transition 72, for the heating and cooling runs. Reorientational mo tion and or localized hopping are found to be associated with s values in the range of 2-1, while for translational hopping conduction, values varying between 1 -0 .4 [3, 24] are expected. Hence it is possible to suggest that for 7 < 400 K localized hopping and/or reorientational mo tion is the main mechanism of conduction. At 7 >T[, trans lational hopping of hydrogen and/or chloride ions are the major contributors to the conduction mechanism. The pre exponential factors In B] and In B2 are linearly dependent on the temperature except at the transition ranges, where anomalous behavior prevails. drogen and/or chloride ions in the temperature range stud ied. Previous studies on similar materials in our laboratory and elsewhere have indicated that the dielectric constant above a transition temperature is usually higher than be low it [4, 25] which is found to be the case for the T2 tran sition. This is because the main contribution to the dielec tric constant arises from the mobility of the anion and cat ion moieties. Thus the dielectric constant below the phase transition should be lower than that above it, because at lower temperatures the cation and anion are less mobile.
At Tx the opposite is observed, showing a sudden drop and a lowering of the permittivity above the transition temperature. Hence we suggest that a subtle crystalline transition from the room temperature monoclinic phase to another, probably orthorhombic phase takes place, where in the new phase the anions and cations are less mobile. Further increase in temperature is associated with another crystalline phase change (at T[) to the parent tetragonal phase where the mobility starts to increase with further in crease in temperature. The ClOCd material undergoes 3 phase transitions at Tb T{ and T2. An order-disorder phase transformation occurs at T2, accompanied by a large en tropy change, which is ascribed to chain melting. This in volves gauch-trans orientation of the alkylene-diammonium chain. The higher transition temperature may involve subtle crystalline transitions, where a change in the orien tation of the alkylene-diammonium occurs. The transition from the room temperature monoclinic structure (Phase IV) to the parent tetragonal (phase I) occurs through another phase, probably orthorhombic. These crystalline transitions are found to be associated with a drop in permittivity and may be associated with a change in the chain alignment from a tilted position to a position perpendicular to the octahedral anion [14, 15, 19] . Such transitions are very common in long chain alkylene-diam monium complexes.
